Abstract. An analysis of the storm climate of the Northeast Atlantic and the North 
Introduction
Extratropical storms are a natural phenomenon that receives high public attention because of their high damage potential. Over the oceans, the high-wind speeds associated with these events are often causing extreme wave and surge conditions that, together with the extreme wind speeds, may cause structural damages and are thus representing potential hazards for shipping, fishing, offshore operations and coastal protection among others.
The question on whether the frequency or the intensity of extratropical storms may have changed within the past few decades and on how such changes may look like, has thus been subject of many investigations in the recent past (e.g., The WASA-Group 1998; Schmith et al. 1998; Alexandersson et al. 2000; Bromirski et al. 2003) . Other authors focused on the changes to be expected in a future climate under changing atmospheric greenhouse gas concentrations (e.g., Beersma et al. 1997; Zwiers and Kharin 1998; Lionello et al. 2002; Geng and Sugi 2003) . Considering typical lifetimes of offshore structures or vessels in relation to the time scale for which a significant increase in atmospheric carbon dioxide concentrations is to be expected, emphasizes the importance of such studies for future planning purposes.
Extratropical storms are complex phenomena. Different analysis techniques therefore exist that focus on different aspects of storm activity. For instance, studies concentrating on eddy growth rate (e.g., Hoskins and Valdes 1990) or bandpass filtered variability (e.g., Blackmon 1976 ) focus more on the dynamical aspects of storm activity and generation.
Studies analyzing for instance storm surges (e.g., Flather and Smith 1998; Langenberg et al. 1999; Woodworth and Blackman 2002) or ocean wave heights (e.g., Günther et al. 1998; Vikebø et al. 2003) are more related to the impacts caused by severe storm events. Studies that (based on sea level pressure (SLP) maps) count the number of cyclones in an area using more or less sophisticated approaches, usually focus mainly on changes in storm frequencies and/or changes in the core pressures of these cyclones (e.g., Zhang and Wang 1997; Simmonds and Keay 2000; Gulev et al. 2001) . Analyzing changes in storm activity for the period 1949-1999 using different analysis techniques Paciorek et al. (2002) concluded that, although there is some overall agreement in the results provided by the different approaches, regional details and/or time behavior of the results obtained from the different approaches may vary significantly.
For many practical applications impact related measures are the most important. Wind speed would thus represent an optimal parameter for investigation as many hazards and damages are directly or indirectly (e.g., storm surges or extreme wave heights) related to it.
However, when analyzing long term changes in storminess, wind speed does not represent an optimal choice because of several reasons: Wind speed observations that cover sufficiently long periods to allow the assessment of long term changes and trends in storminess are available at a few places only. Often these measurements are affected by inhomogeneities, i.e. they suffer for instance from changes in instrumentation, measuring techniques or changes in the surrounding of the station, that may introduce spurious trends in the time series which are not related to changing storminess (e.g., The WASA-Group 1998). In addition, over the oceans direct wind measurements are rare. Therefore, impact related proxies such as geostrophic wind speed derived from station pressure observations (e.g., Schmidt and von Storch 1993) or, for the marine sector, storm surges (e.g., von Storch and Reichardt 1997; Woodworth and Blackman 2002) and wave heights (e.g., Kushnir 1997; The WASA-Group 1998) are frequently analyzed to assess long term changes in storminess. For these proxies longer and often more homogeneous time series are available than for wind speed. Other authors are statistically combining wind speed measurements from periods that may be regarded as sufficiently homogeneous with large scale data that are more homogeneously available for longer periods. An example of such an analysis is provided by Kaas et al. (1996) who used a statistical relationship between monthly means of SLP and wind speed observations at 10 Northwestern European stations for the period 1961-1987 to provide a reconstruction of the storm climate back to 1903. While this approach allows the reconstruction of local wind conditions for periods much longer than those for which direct (homogeneous) wind speed measurements are available, such reconstructions retain only that part of the variability that is 4 controlled by the large scale atmospheric circulation (e.g., von Storch 1999) while regional changes appear to be undetected. Therefore attempts to provide gridded reconstructions of the wind (and wave) climate based on dynamical models have been increasing in recent years (e.g., Günther et al. 1998; Sterl et al. 1998; Cox and Swail 2001) .
As mentioned, over the oceans direct wind measurements are sparse. The situation was improved when satellite data became available routinely and have been assimilated in the weather analyses. However, even the weather analysis products are subject to a number of changes in the course of time, such as changes in the numerical models and the data assimilation techniques used or the day-by-day availability and quality of observational data. As for direct observations, these shortcomings may induce changes in the analysis products that are unrelated to changing weather conditions. To reduce these shortcomings, recently so-called re-analyses projects have been initiated (e.g., Gibson et al. 1996; Kalnay et al. 1996) . While little can be done to improve the quality, coverage and the resolution of the observational data used in the re-analysis, inhomogeneities related to changing analysis techniques are strongly reduced by using fixed state-of-the-art numerical models and data assimilation techniques.
Presently the longest re-analysis available is the one performed by the National Center for Environmental Prediction (NCEP) (Kalnay et al. 1996; Kistler et al. 2001) . From this re-analysis, atmospheric data are available globally every 6 hours for the period 1958-2002.
The spatial resolution of these data is about 210 km 210 km (T62). Recently, sub-sets of this re-analysis have been used to analyze changes in the storm climate. Examples are provided by Gulev et al. (2001) , Harnik and Chang (2003) or Paciorek et al. (2002) and references herein. Compared to the driving NCEP re-analysis the enhancement in spatial resolution is about 1:16.
Furthermore, the complete model output is available also at a very high temporal resolution (every hour), compared to the conventional 6 hourly interval at which operational analyses and re-analyses are usually provided. So far, all studies analyzing changes in storminess based on the NCEP re-analysis data are subjected to the comparatively low resolution at which the re-analysis are run. In addition, most of these studies analyzed proxies for storminess (e.g., cyclone counts) that did not utilize near-surface wind speeds directly. Because of the high spatial and temporal resolution as well as the availability of high-resolution gridded near-surface wind speed data, the simulation of Feser et al. (2001) presently comprises an optimal data set to study and assess regional details of changing storminess over the past few decades. The latter is the purpose of this study. Our intention is twofold: First we want to demonstrate that the model is indeed capable of reasonably simulating near-surface marine wind speed statistics that may be used to assess impact related changes in storminess. Second we want to analyze and assess the changes simulated by the RCM over the past few decades and examine the regional details of these changes.
The paper is structured as follows: Section 2 briefly describes the RCM and the simulation performed by Feser et al. (2001) . In section 3, a brief description of near-surface wind speed statistics that characterize the local storm climate and which are used in this study is provided. In addition, we will compare these statistics with indices derived from direct wind speed measurements in order to demonstrate the extent to which the model is capable of simulating the statistics of extreme wind events (storms). Based on these wind speed statistics, the average storm climate of the simulation together with the changes that occurred over the past few decades are presented and discussed in section 4. Eventually, in section 5 our results are summarized and discussed in relation to the findings of previous studies.
The RCM simulation 1958-2001
We briefly describe the RCM simulation that has been performed by Feser et al. (2001) and from which the basic data set for our analyses was obtained. The simulation was 6 performed with the REgional MOdel REMO described in detail in Jacob and Podzun (1997) and Jacob et al. (1995) . The model is based on the primitive equations and is formulated for a grid-point and terrain-following hybrid coordinate system. The prognostic variables are surface pressure, horizontal wind components, temperature, specific humidity and cloud water. Furthermore, a soil model is included to account for variations in soil temperature and
The experiment we analyze is a multi-decadal REMO integration described in detail in Feser et al. (2001) . The purpose of this integration was to provide a reconstruction of the regional atmospheric conditions 1958-2001 for Europe and adjacent Seas. In this integration, the model was therefore forced by the NCEP re-analysis. The NCEP forcing was provided at 8 grid points at the lateral boundaries using the classical approach described by Davies (1976) . Additionally, the NCEP large scale circulation was forced upon the regional model using the spectral nudging approach suggested by von Storch et al. (2000) . Spectral nudging may be seen as a sub-optimal and indirect data assimilation technique (von Storch et al. 2000) , depending on the quality of the global forcing fields. In case no further observations are available for assimilation into the regional model, spectral nudging can be considered as a simple approach to "assimilate" those scales of the global re-analysis in which one has the highest confidence. In other words, one would not like the regional model to significantly modify those scales that are reasonably resolved by the global re-analysis and that are supported by data assimilation. Weisse and Feser (2003) showed that the representation of extreme events in near-surface wind speed could indeed be improved in a RCM simulation when the spectral nudging approach was adopted. In the following we will refer to a REMO set-up utilizing the spectral nudging approach as SN-REMO.
The analyses presented in this paper are based on hourly near-surface wind speeds (10 m height above the surface) obtained from the described multi-decadal regional atmospheric reconstruction. These data were available on a 50 km 50 km grid covering Europe, the Baltic Sea, the North Sea and adjacent parts of the Northeast North Atlantic. The exact location and size of the model domain can be inferred from Figure 1 . Additionally, the locations of observing sites used for comparisons are indicated in Figure 1 . The comparisons are limited to stations in the North Sea. More comparisons of SN-REMO winds with observations in the Atlantic, the Mediterranean and the Baltic Sea can be found for instance in García-Sotillo (2003), Koch et al. (2004) and Feser et al. (2003) .
Comparison of near-surface wind speed statistics as derived from model simulation and from observations a. Wind speed based indices for storminess
The near-surface wind speeds obtained from the multi-decadal simulation of Feser et al. (2001) can be considered as relatively homogeneous ¡ . In addition, they are available in gridded form at high spatial and temporal resolution (every hour). Thus, instead of adopting more frequently used approaches such as e.g., cyclone counts based on modeled surface
pressures, we decided to analyze near-surface wind speeds directly. The high wind speeds usually associated with extratropical storms are directly linked to the potential hazards and damages that may be caused by a particular storm.
In many studies (mostly based on station data) intra-annual wind speed percentiles are chosen to assess changes in the storm climate within a particular area (e.g., Schmidt and von Storch 1993) . Here, for instance the 99%-tile denotes the wind speed that is (in a particular year) exceeded by only 1% of the observations. An increase or a decrease in this wind speed percentile over several years thus provides an indication for a change in the storm climate. This change may be caused by more/less frequent or by more/less violent storms or a combination of both.
¡
They are homogeneous to the extent the driving re-analysis can be considered as homogeneous (see Introduction). No changes were applied to the model system during the integration.
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To distinguish between both effects we chose a somewhat different definition: We identified a storm whenever the local near-surface instantaneous wind speed exceeded the threshold for Beaufort number (BFN) 8 (gale) on the Beaufort wind scale (17.2 ms¢ ¡ ). We classified the event as moderate storm whenever (based on hourly values) the highest wind speed, that occurred during that event, remained smaller than BFN 10 (£ 24.5 ms¢ ¡ ; storm).
Events with maximum wind speeds exceeding BFN 10 were classified as severe storms.
According to this classification the total number of storms is given by the number of moderate plus the number of severe storms.
This storm counting has been performed separately at each model grid point. In order to analyze independent storm events, we further required that two storm events should be separated by at least 24 hours, motivated by the average speed of low pressure systems at mid-latitudes (e.g., Liljequist 1994). Storms were counted both, annually and for the winter season only (December, January, February). Since our conclusions were not affected when changing from annual to seasonal storm counts, results for the annual counts are shown throughout the paper. Only in the section describing the relation with the large scale atmospheric pressure field, storm counts for the winter season will be shown and discussed.
b. Comparison of model results with observations
For a number of marine stations, for which near-surface wind speed measurements were available, storm counts according to the definitions presented in the previous section have been showed that at buoys from which data had been assimilated into the re-analysis, no major differences occurred between observed wind speed statistics, those derived from the SN-REMO integration and the statistics obtained directly from the re-analysis. However, when the comparison was made for buoys that had not been used for data assimilation, the SN-REMO simulation performed remarkably better. In particular the statistics for high wind speeds improved significantly and, compared to the statistics obtained directly from the driving re-analysis, showed a much better agreement with observations. The latter demonstrates the extent to which, for marine wind speed statistics, added value can be obtained from a dynamical downscaling of the NCEP re-analysis.
Recently wind fields from multi-decadal SN-REMO simulations driven by NCEP re-analysis data have also been used to drive ocean wave and storm surge models (e.g., Soares et al. 2002; Weisse et al. 2002) . The results of these simulations show a good agreement with observations and may be considered as proxies for the quality of the driving wind fields.
Based on our own material and the evidence provided in the studies discussed above we conclude that SN-REMO is capable of reasonably reproducing observed wind speed statistics, in particular the average number of storms per year as well as their inter-annual variability.
This In order to assess the significance of our results we tested whether the null-hypothesis trends not significantly different from zero could be rejected at the 5% significance level. The hypothesis was tested performing a Mann-Kendall test (Mann 1945; Kendall 1970 ) locally at each grid point. The test was applied to the pre-whitened time series (Kulkarni and von Storch 1995) to account for the serial correlation present in the data. For the total number of storms the result is shown in Figure 5 . It can be inferred that the changes north and south of Iceland as well as east of about 10¤ W, i.e., near Scotland, off the Norwegian coast as well as over the North Sea and the Baltic Sea appear to be significantly different from zero. For severe storms, only the changes in two small areas centered at about 57¤ N, 20¤ W and 65¤ N, 0¤ W appear to be significantly different from zero (not shown).
The spatial patterns of the described changes bear some resemblance to those described in earlier studies. For instance, Günther et al. (1998) analyzed upper intra-annual wind speed percentiles derived from the weather analyses provided by the Norwegian Meteorological
Institute. For the period 1955-1994 these percentiles showed an increase between Iceland, Scotland and off the Norwegian Coast as well as over the North Sea while south of approximately 50¤ N a decrease for some areas may be inferred.
2) PIECEWISE LINEAR TRENDS
While many studies have reported an increase in storminess since about 1960 or so over Europe and some of the adjacent marine areas (e.g., The WASA-Group 1998) indications do exist that the increase has weakened or even changed into a decrease in the last few years (e.g., Alexandersson et al. 2000; Schmidt 2001 ). In order to elaborate whether this is confirmed by our simulation and whether regional differences in these changes may be detected we slightly increased the complexity of the linear trend model applied in the previous section 
with the continuity condition that
We will refer to the results of this slightly more complex linear trend model as piecewise linear trends. It should be emphasized that the intention of this still rather simple model is not to provide a perfect fit to the data. Rather the intention is to slightly increase the degrees of freedom and the complexity of our statistical model in order to elaborate whether the linear trends in storminess described in the previous section can be considered as representative for the entire period 1958-2001. Note that the year " at which trends may change their amplitudes and/or signs also represents a free parameter that is fitted to the data. It provides a rough indication at which times trends most likely may have changed at individual grid points within our simulation period.
The piecewise linear trend model was fitted to the data locally at each grid point using a least square method. For the total number of storms the results of this exercise are shown in To test the extent to which this interpretation is influenced by the rather low storm activity in the last year of our data set, the analysis was repeated discarding the year 2001. While the described patterns slightly change their amplitude at some places their spatial structure and sign remained unchanged indicating that the interpretation of the results is not solely caused by low storm activities in 2001.
In order to test to which extend the piecewise linear trend model fits the data better than 16 the simple linear trend model applied in the previous section we computed the Brier skill score. The latter is defined as (e.g., von Storch and Zwiers 1999) 
Summary and Discussion
Trends in severe weather are notoriously difficult to detect because of the relatively rare occurrence and the large spatial and temporal variability of these events (Houghton et al. 2001) . Extreme events occur mostly on the regional scale and have comparatively short life times. The analysis of severe storm events requires long and homogeneous time series covering large areas at high spatial and temporal resolution. So far, this combination of data has not been available (Houghton et al. 2001) .
In this study we analyzed wind fields obtained from a high-resolution regional climate model that was run for the period 1958-2001. The model was driven by the NCEP re-analysis and is thus expected to provide relatively homogeneous time series as inhomogeneities related to changing analysis techniques are strongly reduced in the driving re-analysis (Kalnay et al. 1996) . In addition wind fields from this regional simulation are available hourly, thus (for the first time) providing a spatially and temporal high-resolution homogeneous data set that may be more suitable for the analysis of extreme storm events.
From this simulation wind speed data at 10 m height above the surface have been used to derive several impact related indices that describe the frequency and severity of storm events.
In particular the number of total, moderate and severe storms as well as upper intra-annual the present storm climate (in 1995) was comparable to that observed at the beginning of the century (The WASA-Group 1998) . This conclusion was to a large extend based on the findings of Alexandersson et al. (1998) who analyzed upper intra-annual geostrophic wind speed percentiles based on station pressure observations. Recently Alexandersson et al. (2000) provided an update of their analyses. Including more recent data they showed that the storm activity has indeed decreased over the Northeast Atlantic and the North Sea in the past few years.
In 1993 Schmidt and von Storch (1993) Summarizing we conclude that marine surface winds fields are reasonably well simulated in the analyzed 44-year RCM simulation (Feser et al. 2001) to allow for the assessment of changes in extreme wind conditions over the oceans for the past few decades. Based on these data strong multi-decadal fluctuations in storminess are found. The analysis of the most recent years of the simulation indicates that the increase in storminess at the beginning of the simulation period is replaced by my a more moderate increase or even decreases for some areas within the last few years. This finding is consistent with more recent analysis of observational data. It is, however, difficult to speculate whether the decrease in storminess will continue within the next few years or whether a re-intensification of extreme storm events might occur. 
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